This note describes a laboratory experiment designed to study vortex dipoles, a fascinating phenomenon that occurs in geophysical and industrial turbulent flows. A particle image velocimetry (PIV) measurement system is used to measure the velocity and vorticity fields in the flow. The apparatus required for the experiment is inexpensive and easily constructed.
INTRODUCTION
A vortex dipole is a jet flow with a system of two vortices of opposite sign at its front. Vortex dipoles are fundamental elements of the complex chaotic flows associated 2 with the term "two-dimensional turbulence". The dipoles are widespread flows that occur in the ocean, the atmosphere, and in industrial processes. 1 As such, these structures comprise a fascinating subject of current research in geophysical fluid dynamics. Figure 1 illustrates a typical example of a dipole observed in a satellite image of the ocean surface temperature. 2 The dipole is formed by a cold water shown by darker color in the image.
Although these flows are described in general by nonlinear equations of motion which are not easy to analyze, their global properties can be described using the conservation laws for mass and linear momentum. Simply put, the dynamics of these structures can be understood from straightforward application of the Newton's second law of motion. This makes the vortex dipoles an attractive subject for study in an undergraduate experiment.
The goal of this paper is to present a simple, low-cost experiment for the advanced undergraduate laboratory.
Vortex dipoles translate through the fluid and can therefore be characterized by their net linear momentum. This means that the action of a force is required to generate the dipoles. In the ocean the wind can often apply such a localized force on the ocean surface. Another condition is essential for the generation of dipoles: the flow must be planar. Dipoles easily occur in a density stratified (layered) fluid where the gravitational force suppresses vertical motion. To make the flow visible some indicator (passive tracer)
is usually needed; in the ocean it is most often a temperature contrast, while in the laboratory we use a dye. The images of the flow can be used to reconstruct the velocity field in the flow, most often by using the maximum cross-correlation method. In this method, the displacements of small regions of the patterns of the passive tracer are estimated between sequential images using cross-correlations between small rectangular 3 sections from each image. This is a technique that is widely used in experimental fluid dynamics. 3 
II. EXPERIMENT
The experimental apparatus is illustrated schematically in A general outline of the steps involved in the experiment is as follows.
Density stratification.
The simplest case of stratification is a two-layer system. A Plexiglas tank is filled with two layers of fluid with differing densities. The lower layer can be relatively thick, 2-3 cm, and should consist of heavy fluid, such as salt water with a salt concentration of 50-100 g per liter. The upper layer should be as thin as possible, 0.3-0.5 cm, and consists of a light fluid, such as fresh water. To prepare a two-layer system without mixing the fluids, one can float a sheet of paper on top of the salt water. The fresh water is carefully poured onto the sheet, and the latter is then (very carefully) removed.
Observation of vortex dipoles
The nozzle (epidermic needle) is placed horizontally in the upper layer. Fresh water that has been dyed by blue or black food dye is used to generate a horizontal jet flow from the nozzle. This submerged jet is used to produce the action of a localized force on the fluid. Fig. 3 ) at different times.
Particle Image Velocimetry
In this part of the experiment, a new two-layer sample is prepared using salt water and fresh water, with the fresh water layer containing seeding particles. Fresh water, containing no particles or food dye, is used to generate a jet from the nozzle. A sheet of black paper is placed under the tank. The flow is illuminated from the side. (A slide projector is well-suited to this purpose). Two strips of black paper are fixed to the side of the tank to create a slit so that only the interface between the two layers is illuminated. It is important to eliminate unwanted light so that neither the surface of water nor the bottom of the tank is illuminated. The developing flow was recorded in the same manner as above using a frame rate of 5 frames per second. A sample video frame is shown in Figure 6 .
III. DATA ANALYSIS
Using the camera software, individual frames from the recorded video of the flow of dye in the first experiment, can be saved and then analyzed using the standard MS Windows image tool "Paint". The position of the cursor in pixels is used to measure the length L and width D of the dipole (Fig. 3) 
then the momentum flux transported by the jet from the nozzle is given by the product ρJ. According to Newton's second law of motion, the rate of change of the momentum of the system is equal to the magnitude of the force applied. Thus the source acts on the fluid with a total force F = ρJ. It can also be shown 1 that the Reynolds number defined using the appropriate scales of the flow is related to J as Re 2 = J/ν 2 . The value of Re that is calculated using this relation can then be compared with that obtained previously from the graph. The two values of Re typically correspond within 10-20% accuracy.
Two consecutive frames from the video sequence of the experiment with the seeding particles are saved and then processed by the PIV software 5 . In this procedure a small subregion of an initial image is cross correlated with the same size subregion in a subsequent image, searching for the location in the second image which gives the maximum cross-correlation coefficient. This gives the displacement of the water parcel corresponding to this subregion and, knowing the time interval elapsed between the frames, the velocity of the parcel. A simple version of such a procedure can be easily programmed with just a few lines of Matlab code. More advanced PIV procedure will require interpolating velocity vectors to achieve subpixel resolution. 3 Our PIV software 5 calculates two components of velocity V x and V y and vorticity field ω (Fig. 5) for each small subregion with coordinates (x, y). These quantities are represented by arrays in the Matlab code. These arrays are kept in memory and can be used for further analysis.
Writing simple Matlab commands it is easy for student to verify that the total vorticity in the flow is almost zero (a sum of all positive and negative elements of the array ω is small) and to estimate the x and y components of the total momentum of the flow (sums 8 of the elements of the arrays V x and V y respectively). This gives the momentum per unit height of the upper layer of fluid.
IV. CONCLUSION
We have presented a laboratory experiment to study the vortex dipoles in a density stratified fluid using Particle Image Velocimetry. Its principal pedagogical value is that it demonstrates how the basic conservation laws can be applied to a complex fluid flow. Learning the main principles of the operation of the PIV system, in particular the analysis of the correlation between two patterns provides students with exposure to the kind of data processing that one often encounters in advanced research.
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